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Abstract
Bench-scale dissolved air flotation (DAF) of Tagus River surface water (Valadas, Portugal) was investigated as
pre-treatment for spiral-wound module nanofiltration (SWNF). Before the DAF, a coagulation/flocculation of the
surface water was performed using aluminium sulphate, ferric chloride and chitosan coagulants and several
commercial coagulant aids. The coagulation/flocculation experiments were carried with 2 L of surface water in a jar-
test equipment at room temperature. The DAF performance to remove colloidal matter and suspended solids was
evaluated through the measurement of the silt density index (SDI) and the modified fouling index (MFI) of the treated
water. The air saturation pressure was varied between 300 and 600 kPa and the recycle ratio between 5 and 50%. The
DAF without coagulation/flocculation was not effective in the reduction of both the SDI and MFI, even at a high
DAF recycle ratio of 50%. The use of coagulants improved the DAF efficacy in reducing the fouling indexes and,
for the optimal operating conditions, the MFI of the treated water was reduced by more than one order of magnitude.
However, it was not possible to obtain treated water with SDI and MFI values below the recommended ones for
SWNF. Further filtration of the DAF treated water with a 5 micron capsule filter was necessary to reduce the SDI
below 5%/min and the MFI below 10 s/l2. The integration of DAF with another process that removes the residual
suspended solids and colloidal matter is, therefore, necessary to provide a good pretreatment for the SWNF of Tagus
River surface water.
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1. Introduction
Nanofiltration has been introduced into the
field of water treatment to provide a water quality
*Corresponding author.
superior to that obtained by conventional treat-
ments [1–4]. However, when treating surface
water, nanofiltration with spiral-wound modules
(spiral-wound module nanofiltration, SWNF)
requires an elaborate pre-treatment in order to
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prevent membrane fouling and to allow long
operation times without cleaning [2,5]. The main
objective of the pretreatment is to remove parti-
culate matter, which is constituted by particles,
colloids and microorganisms, that is the cause of
particulate fouling (e.g., [6,7]). Usually, the
conventional pre-treatment is a process involving
coagulation/flocculation, sedimentation and
media filtration, which has a high impact on the
final cost of the drinking water. According to
Gorenflo et al. [8], the costs for pre-treatment are
estimated to be in the same range as the costs for
the SWNF process itself. For this reason, the
intensification of the pre-treatment process is an
important step to reduce the costs of the SWNF of
surface water.
In this study, dissolved air flotation (DAF) of
Tagus River surface water, collected in Valadas
(Portugal), at a few kilometres from the river
estuary, was investigated as alternative pretreat-
ment for SWNF. In this region, due to the proxi-
mity of the river estuary and due to existence of
a large surface water reservoir, the disposal of
nanofiltration concentrates should not constitute
a severe problem [9]. For this reason, in this
context, SWNF can be regarded as a viable alter-
native to produce high quality drinking water.
DAF is a mature technology that has been
extensively used with success in water treatment.
The main advantages of this separation process
are [10]: (1) capacity to capture between 80% and
90% of very fine particulate matter, (2) capability
of reducing the water turbidity below 1 NTU,
(3) reduced chemicals usage and (4) high surface
loading rate/small compact plant. These features
make DAF a good candidate to replace, with
technical and economic advantages, totally or
partially the conventional pre-treatment process
for SWNF. The present work aims to investigate
that at bench scale. For DAF, the air saturation
pressure is commonly in the range between 270
and 510 kPa and the recycle ratio, defined as the
ratio of the recirculation flow rate of air-saturated
water by the inlet water flowrate, is in the range
between 10 and 120% [11]. DAF is integrated
usually with coagulation/flocculation of the feed
water to generate flocks that are attached more
strongly to the rising air bubbles.
In this work, the DAF efficacy in the removal
of colloidal and particulate matter has been evalu-
ated through the measurement of both the silt
density index (SDI) (Standard Test Method
ASTM D4189-82) and the modified fouling index
(MFI) [12] of the treated water. These SDI and
MFI indexes are used commonly to evaluate if
the concentration of colloidal and particulate
matter of the water is adequate for SWNF. Most
membrane manufactures recommend that the SDI
should be in the range between 3 and 5%/min,
while the MFI should be lower than 10 s/l2 [13].
It should be mentioned, however, that the recom-
mendations based on these indexes should be
respected, but possible fouling problems can
occur even when the indexes values are con-
sidered acceptable [14].
2. Materials and methods
2.1. Materials
The surface water was collected from the
Tagus River, just before the river estuary, in the
region of Valadas (ca. 40 km from Lisbon, Por-
tugal). A typical composition of the surface water
in the summer is displayed in Table 1. The water
was stored in full tanks of 20 L at room tempera-
ture during one or two days until being used. 
Aluminium sulphate from Riedel-de Haen
(Seelze, Germany), ferric chloride pro Analysis
from Merck (Whitehouse Station, USA) and
chitosan from Pronova (Lysaker, Norway) were
used as coagulants and the following coagulation
aids products were tested: Praestol 187-K,
Praestol 185-K and Praestol 190-K, from Stock-
hausen (Krefeld, Germany) and Magnofloc 1597,
from Ciba (Basel, Switzerland). Aqueous solu-
tions of 10 g/L of aluminium sulphate, 10 g/L of
ferric chloride and 1 g/L of chitosan were
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Table 1
Composition of the surface water from the Tagus River




Non-purgeable organic carbon, mg/L 3.3










prepared for subsequent use in the surface water
coagulation/flocculation. The aqueous solution of
chitosan was prepared by slowly mixing 1 g of
chitosan with 1 L of water during 2 hours at room
temperature and with periodic addition of diluted
hydrochloric acid to keep the pH at 4.0.
2.2. Coagulation/flocculation
The coagulation/flocculation experiments
were carried out with 2 L of surface water in a
jar-test equipment (model Flocumatic supplied by
J.P. Selecta, Barcelona, Spain) at room tempera-
ture. After adjustment of the surface water pH,
using diluted hydrochloric acid, the required
volume of coagulant concentrated solution was
rapidly mixed with the surface water at 200 rpm
during 1 min. After this procedure, the mixing
rate was reduced to 60 RPM during 20 min, in
order to promote the growth of the flocs.
2.3. Dissolved air flotation and filtration
The DAF experiments were performed in a
bench-scale flotation cell described elsewhere
[16]. This cell had a pressurized chamber with a
volume of ca. 10 L that discharged the air-
saturated water through a needle valve into a cali-
brated column with 7 cm diameter, 90 cm height
and with a volume of 3.5 l. The pressurized
chamber was initially filled with deionised water.
After that, compressed air was injected into the
water and the pressurized chamber was vigorous
agitated during 5 min to ensure that the water
became saturated with air. After this procedure, a
volume V1 of air-saturated water was discharged
slowly through a needle valve into the calibrated
column with a volume V2 = 2 L of river water.
The ratio V1/V2 corresponds to the DAF recycle
ratio in continuous operation and was varied
between 10 and 50%. After injecting the volume
V1 of air-saturated water into the column, the
flotation was carried on during 10 minutes. The
clarified water was then removed at the column
bottom through a sampling valve.
Disposable filter capsules Polycap HD from
Whatman (Springfield Mill, UK), with pore sizes
of 1 µm and 5 µm and a filter media area of
805 cm2 were used for filtration of the DAF
treated water.
2.4. SDI and MFI measurement
The DAF performance was evaluated through
the measurement of both silt density index (SDI)
(ASTM D4 189) and modified fouling index
(MFI) [11]. To measure both fouling indexes, the
treated water was dead-end filtrated at 207 kPa,
through a 47 mm diameter membrane with a pore
size of 0.45 pm (HTTP 4700 Isopore membrane
filters, Millipore). The volume of water perme-
ated through the microfiltration membrane was
measured manually as a function of time during
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Fig. 1. Typical MFI curves for raw surface water and DAF treated water.
where Vi is the volume of permeate obtained
during the second minute of microfiltration and Vf
is the volume obtained during the last minute.
The units of the SDI are % flux reduction/min.
The MFI was obtained through the fitting of
the following equation [11]:
(2)/t V MFI V= α+ ⋅
to the t/V versus V data, where t is the filtration
time and V is the total  volume of water that
passed through the microfiltration membrane. A
linear correlation was obtained for all the experi-
ments whenever the data measurement was per-
formed 1 min after the beginning of the micro-
filtration. Below this stabilization time, a strong
non-linear behaviour between t/V and V was
observed due, probably, to the strong initial
increase of the membrane resistance due to pore
blocking. The MFI is proportional to the specific
resistance of the cake layer, which in turn
depends on the total concentration of particulate
matter in the feed solution [11]. Therefore, the
MFI is a good indicator of the total concentration
of particulate matter of the surface water. Two
typical MFI determination curves, for raw water
and for DAF treated water using 1 mg/L of
chitosan as coagulant, are displayed in Fig. 1. As
shown in this figure, a linear correlation between
t/V vs. V is observed for both the treated and
untreated water.
3. Results and discussion
The raw Tagus surface water is characterized
by having high values of MFI and SDI, as shown
in Table 2, for several water samples collected
between September and December 2005. The
MFI is at least 3 orders of magnitude higher that
the maximum value of 10 s/l2 recommended for
SWNF and the SDI is about 4 times higher than
the recommended value of 5%/min. This means
that an adequate pre-treatment of the surface
water is required before the SWNF.
The effect of the DAF operating conditions on
the MFI and SDI of the treated water is displayed
in Table 3, for coagulation/flocculation with
aluminium sulphate. The raw water used had an
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Table 2
MFI and SDI of untreated Tagus River surface water
Collection date MFI (s/l2) SDI (%)
24 Sep. 2005 6,970 19.3
25 Oct. 2005 9,100 18.1
27 Nov. 2005 14,900 19.4
14 Dec. 2005 6,540 19.4
SDI of 19.3%/min which was very high, com-
pared with the maximum value of 5%/min,
recommended for normal operation of SWNF.
Without coagulation/flocculation and, even for
the highest values of saturation pressure and
recycle ratio investigated, both the MFI and SDI
do not decrease substantially after DAF. In these
conditions, the DAF does not reduce the fouling
potential of the treated water. After coagulation/
flocculation of the surface water with aluminium
sulphate, however, both the MFI and SDI reduce
significantly. For the range of operating con-
ditions investigated, the minimum MFI value of
96 s/l2 was obtained for a saturation pressure of
600 kPa, at pH 6.0 and with an aluminium sul-
phate concentration of 40 mg/L. Furthermore, the
data displayed in Table 3 shows that, for the
range of operating conditions studied, the MFI
and SDI are not very sensitive to the variation of
recycle ratio and saturation pressure. At pH 6 the
MFI decreased with the aluminium sulphate
concentration, while at pH 5 the opposite
behaviour was observed. The final MFI and SDI
values of the DAF treated water using aluminium
sulphate coagulant, at the optimal operating
conditions were, however, still much higher than
the recommended values for SWNF. It should,
however, be underlined that under these operating
conditions DAF can reduce the MFI of the treated
water ⎯ and hence the total concentration of
particulate matter ⎯ by at least two orders of
magnitude.
For the DAF of the surface water using ferric
chloride coagulation/flocculation, Table 4 dis-
plays the effect of the saturation pressure, ferric
chloride concentration and coagulant aid type and
concentration on the MFI and SDI of the treated
water. The SDI of the surface water used in these
experiments was 18.1%/min, which was again
very high for SWNF. Without using coagulant
aids, the results show that both MFI and SDI
decreased with the increase of the ferric chloride
concentration, exhibiting minimum values at 40
mg/L, for all the saturation pressures tested. The
minimum values of the MFI and SDI were
obtained at a saturation pressure of 450 kPa.
For the optimum operating conditions with
ferric chloride coagulation/flocculation, both SDI
and MFI of the treated water were still very high
for a normal operation of SWNF. To increase the
DAF performance, several polymeric coagulants
aids commonly used in water treatment were
tested. The results, displayed in the last rows of
Table 4, show that the only coagulant aid that
improved the DAF performance was the Praestol
187-K. The decrease observed in the SDI and
MFI with the use of this coagulant was, however,
not sufficient to make the DAF process alone a
good pre-treatment for SWNF. In fact, the
minimum value of SDI (15.4%/min) obtained at
a Praestol 187-K concentration of 1 mg/L, was
still very high for SWNF. For this range of
operating conditions, the DAF with ferric
chloride coagulation/flocculation under optimal
operating conditions, therefore, does not provide
the adequate pre-treatment for SWNF of the
Tagus River surface water. Despite of that, the
DAF process operating under the optimal con-
ditions was adequate to reduce the MFI of the
treated water by one order of magnitude.
The effect of the DAF operating conditions on
the MFI and SDI of the treated water, for coagu-
lation/flocculation with chitosan, is displayed in
Table 5. The first set of data, which displays the
effect of the chitosan concentration on the MFI
and SDI, shows that the optimal concentration
was 1 mg/L. The increase of the chitosan concen-
tration above this value increased both the MFI
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Table 3
Effect of DAF operating conditions on the MFI and SDI of the treated water, for coagulation/flocculation with aluminium
sulphatea
Saturation pressure (kPa) pH Recycle ratio (%) Aluminium sulphate conc. (mg/L) MFI (s/l2) SDI (%/min)
600 6 50 — 5050 17.9





600 5 10 10 365 14.8
20 698 15.2
40 1720 16.8
600 6 10 10 694 12.7
20 248 14.7
40 96 13.4
300 6 20 40 182 13.2
450 133 13.5
600 161 14
aTagus River surface water was collected on 24 Sep 2005. MFI and SDI of the raw water at pH 7 were 6970 s/l2 and 19.3%/
min, respectively.
Table 4














300 10 — — 4,390 18
20 — — 1,440 17.2
40 — — 620 16.2
450 10 — — 2,230 17.3
20 — — 1,680 17.2
40 — — 580 15.6
600 10 — — 2,900 17.1
20 — — 2,160 16.8
40 — — 1,110 16.3
450 40 Praestol 187-K 0.1 644 16.4
0.5 430 15.5
1 380 15.4
Praestol 185-K 1 42,700 17.8
Praestol 190-K 1 5,060 16.4
Magnofloc 1597 1 61,000 18.3
aTagus River surface water was collected on 25 Oct. 2005. MFI and SDI of the raw water at pH 8 were 9100 s/l2 and
18.1%/min, respectively. DAF was performed at pH 8.0 with a recycle ratio of 30%.
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Table 5
Effect of DAF operating conditions on the MFI and SDI of the treated water, for coagulation/flocculation with chitosana
Saturation pressure (kPa) pH Recycle ratio (%) Coagulant conc. (mg/L) MFI (s/l2) SDI (%/min)





450 5 30 1 570 18.5
6 760 18.5
8 3800 18
300 5 30 1 950 18.3
450 570 18.5
600 345 18.5
600 5 10 1 550 18.3
20 450 18.2
40 400 18.5
aTagus River surface water was collected on 27 Nov. 2005. MFI and SDI of the raw water at pH 7 were 14,932 l/s2 and
19.4%/min, respectively.
and the SDI of the treated water. The saturation
pressure, the recycle ratio and pH did not have
significant influence on both the MFI and SDI.
Under the optimal operating conditions, the DAF
with chitosan coagulation/flocculation reduced
the SDI of the treated water only to 17.9%/min.
Once again, the DAF was capable to reduce the
MFI by more than one order of magnitude, but it
was not sufficient to provide the necessary pre-
treatment for SWNF.
The overall analysis of the data displayed in
Tables 3–5 shows that the MFI is a better indi-
cator for measuring the performance of the DAF
than the SDI, because the MFI is very sensitive to
the operating conditions, while the SDI varies
only marginally. Furthermore, these results show
that, within the range of operating conditions
investigated, the DAF with coagulation/
flocculation is not sufficient to bring the SDI and
the MFI of the treated water to values compatible
with normal operation of SWNF. For this reason,
it is necessary to combine DAF with another
process, such as media filtration or micro-
filtration, to reduce to acceptable levels of resi-
dual suspended solids and colloidal matter of the
treated water. This process integration may prove
to be economical because the DAF under the
optimal operating conditions can reduce the MFI
and, hence the particulate matter concentration,
by more than one order of magnitude for
coagulation/flocculation with ferric chloride or
chitosan and by more than two orders of mag-
nitude for coagulation/flocculation with alu-
minium sulphate.
The effect of the combination of the DAF with
capsule filtration on the MFI and SDI is displayed
in Table 6 for coagulation/flocculation with ferric
chloride and chitosan. For both coagulants, while
the DAF without filtration has almost no effect on
the SDI, the combined DAF/filtration sequence
reduces that value to 4.2 %/min with the 5 µm
filtration, and to a value below 3.8%/min with the
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Table 6
Effect of the combination of DAF with capsule filtration on the MFI and SDI of the treated watera
Pre-treatment Coagulant pH MFI (s/l2) SDI (%/min)
DAF Ferric chloride (40 mg/L) 7 800 18.8
DAF / 1 µm filtration 1.9 2.7
DAF / 5 µm filtration 3 4.2
DAF Chitosan (1 mg/L) 5 260 18.4
DAF / 1 µm filtration 0.72 3.8
DAF / 5 mm filtration 1.65 4.2
aTagus River water was collected on 14 Dec. 2005. MFI and SDI of the raw water at pH 7.3 were 6540 l/s2 and 19.4 %/min,
respectively. DAF was performed at a saturation pressure of 450 kPa, with a recycle ratio of 30%.
1 µm filtration. At the same time, the MFI was
reduced by two orders of magnitude when the
DAF was combined with filtration. The reduction
of the filter pore diameter from 5 µm to 1 µm
improved the reduction of both MFI and SDI, but
the coagulant type did not have a strong influence
on the final values of the SDI and MFI. These
results indicate that the DAF process must be
integrated with another treatment, for instance
media filtration or microfiltration, that removes
the residual suspended solids and colloidal matter
with an average particle diameter at least below
5 µm in order to obtain MFI and SDI values com-
patible with normal operation of SWNF of Tagus
River surface water.
4. Concluding remarks
The effect of the DAF operating conditions on
the MFI and SDI of the treated water was inves-
tigated in a bench scale for the particular case of
Tagus River surface water. The SDI of the
untreated surface water was between 18.1 and
19.4 %/min, which was very high when compared
to the typical values between 3 and 5%/min
recommended by most membrane manufacturers.
The DAF without coagulation/flocculation was
not effective in the reduction of both the SDI and
MFI, even with a recycle ratio of 50%. The use of
coagulants improved the DAF efficacy in the
reduction the fouling indexes. However, under
the optimal conditions for every coagulant tested,
it was not possible to achieve SDI and MFI
values below the recommended values for
SWNF. Further filtration of the DAF treated
water with 1 or 5 µm capsule filters was neces-
sary to reduce the SDI and MFI to acceptable
values. These results indicate that the DAF
process, in the range of operating conditions
investigated, must be integrated with another
treatment that removes the residual suspended
particles and colloidal matter, with an average
particle diameter below 5 µm, in order to obtain
MFI and SDI values compatible with normal
operation of SWNF of Tagus River surface water.
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